Previous studies on Li-silicates have shown that these materials are resistant to radiation damage even in extreme physical and chemical environments, and are thus promising solid-state breeder materials in fusion reactors. Here, we focus on b-eucryptite as a member of Li-Al silicate class of ceramics with potential for nuclear applications, and study the atomic-scale processes induced by radiation. Using molecular dynamics simulations based on a reactive force field, we have found that upon radiation dosage of 0.21 displacements-per-atom or less, the structure largely retains its long-range order while exhibiting (a) disordering of the Li atoms, (b) distortion of the Si and Al tetrahedra defined as the change in their oxygen-coordination number, and (c) tilting of the Si and Al tetrahedra with respect to one another. We find that Si tetrahedra that distort to SiO 3 during exposure to radiation recover significantly upon thermal relaxation, and provide the mechanism for this recovery. This mechanism consists in the tilting of AlO 5 polyhedra formed upon exposure so as to satisfy the oxygen-coordination of distorted Si tetrahedra. Doubling the dosage results in a significant increase of the concentration of Si-Al antisite defects, which renders the tolerance mechanism inefficient and leads to amorphization. V C 2013 American Institute of Physics.
I. INTRODUCTION
Lithium aluminum silicates (LAS) are technologically relevant [1] [2] [3] because of their exotic physical properties, especially, near-zero or negative coefficient of thermal expansion (CTE). b-eucryptite, with a chemical composition of LiAlSiO 4 , is a prominent member of this class of ceramic materials and has a highly anisotropic CTE (a a ¼ 7:26 Â 10 À6 K À1 normal to the crystallographic c-axis, and a c ¼ À16: 35 Â 10 À6 K À1 parallel to the c axis) 2 resulting in a slightly negative average CTE. Such an anomalous thermal expansion behavior provides exceptional thermal shock resistance, and in turn, makes b-eucryptite suitable for a variety of applications including heat exchangers, telescope mirror blanks, precision optical devices, and ring laser gyroscopes. [2] [3] [4] [5] b-eucryptite has a hexagonal crystal structure which can be understood as a stuffed derivative of b-quartz. 2, [6] [7] [8] [9] [10] [11] [12] It consists of a network of corner-sharing SiO 4 and AlO 4 tetrahedra with the Li atoms placed between these tetrahedra in the form of channels parallel to the c-axis [ Fig. 1 ]. Owing to these Li channels, b-eucryptite exhibits superionic conduction of Li along the c-axis, which makes it suitable for use in solid-state electrolytes in Li-ion batteries. [13] [14] [15] Apart from its widespread technological uses, the unusual thermal response of b-eucryptite has motivated numerous pursuits to gain fundamental understanding of various structure-property relationships, 2, 4, 5, 16, 17 of pressure-induced phase transitions, [18] [19] [20] [21] and of the mechanisms of resistance to radiation damage. 22, 23 A number of Li-silicates such as lithium metasilicate (Li 2 SiO 3 ) are known to contain chains of SiO 4 tetrahedra with the Li atoms between the chains. 24 Previous studies on Li-silicates have shown that these materials are resistant to radiation damage even in extreme physical and chemical environments. [25] [26] [27] Neutron radiation experiments using the high flux reactor at Petten [28] [29] [30] demonstrated that Li-silicates can tolerate doses up to 10 21 À 10 23 n=cm 2 . In terms of more commonly used dosage units, i.e., displacements per atom (dpa), these values range from 2-80 dpa [using a displacement cross section of 10 À21 cm 2 ]. 31 Since radiation tolerance of a material is closely related to its structure, 32, 33 as well as to its chemistry, 34 this indicates the potential for using b-eucryptite in nuclear breeder reactors. Indeed, in their studies on radiation-induced changes in LAS ceramics, Abdel-Fatteh et al. found that solid solutions based on b-eucryptite exhibit low-sensitivity to neutron radiation which makes them good candidate materials for reactor blankets. 22, 23 Apart from the radiation tolerance, b-eucryptite has exceptional thermal shock resistance and is therefore suitable for use in fuel coatings in order to avoid cracking during thermal cycling. 23 Furthermore, electron microscopy studies revealed that high lithia content in the LAS solid solutions improves their tolerance to radiation damage. 23 However, the atomic scale processes that are responsible for radiation tolerance in b-eucryptite are still largely unclear. Such a study would provide the fundamental knowledge necessary to design radiation tolerant materials based on LAS ceramics.
In this article, we focus on characterizing the radiationinduced structural damage in b-eucryptite in order to understand the atomic-scale phenomena that occur in response to a)
Author to whom correspondence should be addressed. Electronic mail: cciobanu@mines.edu. radiation. Using molecular dynamics (MD) simulations based on a reactive force field, we have employed the conventional primary knock-on atom (PKA) approach to simulate the radiation damage as a series of displacements that occur via transfer of kinetic energy from incident high-energy particles. 35 Our analysis of the structural evolution indicates that up to a damage of 0.21 dpa, a pronounced recovery of the crystal structure occurs during the annealing period following the exposure to radiation. We have found that upon radiation dosage of 0.21 dpa or less, the structure largely retains its crystalline structure while exhibiting (a) disordering of the Li atoms, (b) distortion of the Si and Al tetrahedra defined as the change in their oxygen-coordination number, and (c) tilting of the Si and Al tetrahedra with respect to one another. Certain Si tetrahedra that distorted upon radiation exposure recover significantly during thermal relaxation, and we provide the mechanism for such a recovery. This mechanism consists in the tilting of AlO 5 polyhedra formed during exposure so as to satisfy the oxygen-coordination of distorted Si tetrahedra.
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The paper is organized as follows. In Sec. II, we describe the computational methodology employed to study the response of b-eucryptite to radiation via MD simulations. The results for the temporal evolution of defects and characterization of radiation are detailed in Sec. III. We discuss these results in order to identify the atomic-scale mechanisms responsible for recovery (at low dosage) or for radiationinduced amorphization (at high dosage). Finally, Sec. V summarizes our results and highlights the main conclusions.
II. METHODOLOGY
MD simulations based on empirical potentials is an effective tool to gain insight into the atomic-scale processes that occur during and after exposure to radiation. It has previously been employed successfully to characterize radiation damage in metals, semiconductors, as well as ceramics. 32, 33, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Ref. 35 gives a comprehensive review of the various MD techniques employed to study radiation damage. These techniques have been extensively used to characterize radiationinduced defects in several ionic oxides (e.g., MgAl 2 O 4 , 45 MgO, 46 and UO 2 (Ref. 47) ) and explore the physical origin of their radiation tolerance. 32, 33 More relevant to the present work is the identification of atomic scale mechanisms that occur in response to radiation in related materials such as SiC 48, 49 and ZrSiO 4 .
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We studied the response of b-eucryptite to radiation using classical MD as implemented in the simulation package LAMMPS. 52 The interactions between Li, Al, Si, and O atoms are described by a reactive force field (ReaxFF) 53, 54 parameterized for LAS. 55 The ReaxFF parameters for Li-Al silicates have been shown to correctly predict relative order of stability of various polymorphs of eucryptite, and describe well the structural and thermodynamic properties of several bulk phase oxides, silicates, and aluminates. More relevant to the current study, these parameters were found to be applicable for studying atomic-scale mechanisms underlying solid-state phase transitions in eucryptite. 55 Furthermore, the basic framework of ReaxFF is known to describe well the formation and diffusion of point defects in metals and ceramics. [56] [57] [58] For example, ReaxFF has been successfully employed to determine the atomistic mechanisms underlying the vacancy-mediated oxygen ion transport in yttria-stabilized zirconia. 58 In the ReaxFF framework, the total potential energy is expressed as a sum of several bond-order dependent energy contributions arising from short range interactions; the bond orders are updated every time step to provide an accurate dynamical description of chemical bonding. 53, 54 In addition, the long range contributions (i.e., van der Waals and Coulomb) are included in the total energy and are evaluated for every pair of atoms irrespective of their local coordination. Furthermore, atomic charges are calculated at every time step using a charge equilibration scheme. 59 This unified, complex, approach consisting of bond order formalism in conjunction with redistribution of charges enables ReaxFF to describe metallic, covalent, and ionic systems equally well. [53] [54] [55] [60] [61] [62] [63] [64] ReaxFF has been applied successfully to investigate a number of ceramics, e.g., interfacial reactions in Si=SiO 2 (Refs. 54 and 65) and Al=AlO 2 , 60 surface reactions in ZnO, 61 or phase transitions in BaTiO 3 .
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For our MD simulations, we used an orthorhombic computational cell of dimensions 42.91 Å Â 74.33 Å Â 137.36 Å (with periodic boundary conditions) containing 32 256 atoms to simulate a crystal of b-eucryptite. The initial structure in each MD run was equilibrated at 900 K (typical temperature in breeder reactors) and 1 atm for 50 ps using a Nos e-Hoover thermostat/borostat with a timestep of 0.25 fs. To simulate radiation damage in the structure equilibrated at 900 K and 1 atm, a PKA was selected at random and imparted a kinetic energy of 15 keV, with the recoil velocity oriented in an arbitrary direction. In a single cascade, we observed that the atoms displace negligibly after $1ps. Furthermore, we have found that a single PKA produces $140 displaced atoms, corresponding to 0.0043 dpa. Based on these results for a single cascade, we simulated the radiation of b-eucryptite at two different rates, (a) 0.2 PKA/ps, and (b) 1 PKA/ps. The cascade events were simulated for 50 ps, i.e., 10 cascades for 0.2 PKA/ps (0.043 dpa) and 50 cascades for 1 PKA/ps (0.21 dpa). After exposure for 50 ps, the structures obtained were annealed for a further 50 ps at 900 K and 1 atm. During the exposure and subsequent relaxation, the temperature and pressure were maintained at 900 K and 1 atm using Nos e-Hoover thermostat/borostat; the MD timestep was set to 0.1 fs to avoid high atom displacements within a single timestep. The reason for keeping the entire structure in contact with the thermostat (as done, e.g., in Ref. 49 ) is that for the most part of this work we are not following the effects of a single PKA, but rather allow the PKAs and the atoms involved in subsequent collisions (overlapping cascades) to traverse the periodic boundaries of the supercell and analyze the overall structural damage done upon exposure to high radiation flux. Last, several MD runs have been performed for each of the two radiation rates in order to robustly assess the damage and recovery at each rate; for this reason, the concentrations of various remnant defects in the structure are given in Sec. III as ranges of values.
III. RESULTS

A. Defect analysis
The atomic configurations obtained from the MD simulations [Sec. II] were analyzed using Wigner-Seitz cells, 36 which are a typical choice for identifying point defects generated during collision cascades in ceramic oxides. 43, 48, 49 This method involves the partitioning of space into Voronoi polyhedra (VP) centered on the sites of a reference configuration, and defined such that each polyhedron contains all space points that are closer to its central site than to any other site. If a VP is empty, its central lattice site is labeled as a vacancy. A site corresponding to a VP that contains more than one atom is called an interstitial, while a VP populated by an atom of a different type than that in the reference configuration is called an antisite. In the present study, we used the structure equilibrated at 900 K prior to exposure to radiation as the reference configuration. Figure 2 shows the fraction of atoms of each type, i.e., Li, Al, Si, and O that exist as point defects (vacancies, interstitials, and antisities) as a function of time in a typical MD run for two different radiation rates, namely 0. After this initial phase, the number of generated defects increases with dosage, for all atom types. In the time interval The time domain over which exposure to radiation is simulated is shown in gray in each plot, and is followed by annealing at 900 K and ambient pressure.
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between two successive PKA events, the defects diffuse and annihilate to some extent, as shown by the decreases following the peaks [Figs. 2(a)-2(l)]. This indicates the tendency of b-eucryptite to heal. After the radiation dosage, the structures recover significantly upon annealing at 900 K and ambient pressure. This recovery proceeds via annihilation of all defect species except Li. As expected, more defects remain in the structure exposed to higher dosage of radiation (1 PKA/ps) [ Figs. 2(a)-2(l) ]. For example, in the final relaxed structures, the concentration of Si-vacancies that remain in b-eucryptite exposed at 0.2 PKA/ps was found to be 5%-9%, as compared to 12%-16% at 1 PKA/ps [ Fig. 2(b) ]. Furthermore, most of the defects occur as vacancy-interstitial pairs, e.g., at 1 PKA/ps, the concentration of Si vacancyinterstitial pairs is 12%-16%, as compared to 4%-8% antisites The open structure of b-eucryptite along with the higher mobility of Li atoms leads to the formation of a significantly higher number of Li-defects as compared to other defect species [Figs. 2(a) and 2(b)]. Interestingly, the behavior of the Li-defects during annealing was found to be dependent on radiation dosage. In the structure radiated at 0.2 PKA/ps, the Li-defects annihilate considerably upon annealing, similar to other defect types. However, their number increases progressively in the structure bombarded at 1 PKA/ps even after the exposure to radiation has stopped and the structure is allowed to relax. This causes further position disordering of the Li atoms in b-eucryptite subjected to higher radiation damage (i.e., at 1 PKA/ps).
It is important to recognize that in the two sets of MD simulations that we performed, two variables change in a coupled manner: (a) the rate of dosage, and (b) the total dose. The simulations at 0.2 PKA/ps correspond to a radiation dose of 0.043 dpa while those at 1 PKA/ps correspond to 0.21 dpa. Evidently, it is necessary to determine which of these variables dominates the radiation behavior of b-eucryptite. To this purpose, we simulated a set of single PKA generated collision cascades at 900 K and ambient pressure. In all these simulations, a PKA of a particular type (i.e., Li, Al, Si, or O) was randomly chosen and imparted a kinetic energy of 15 keV, with the velocity oriented along an arbitrary direction. From these single cascades, we found that a Li-PKA resulted in negligible number of point defects; even the defects that were formed had a very short lifetime, i.e., they were annihilated within <1 ps. This is understandable since the Li atoms do not contribute to the structural framework of SiO 4 and AlO 4 tetrahedra. On the other hand, all other PKA types (i.e., Al, Si, and O) exhibit a markedly different behavior. In these cases, defects were produced within the first 1 ps; thereafter, the defects diffuse, recombine/annihilate leading to healing of the structural damage over a time span of 15 ps. At this point, the structure was found to either fully recover or to contain a small and stationary number of defects; for example, in the case of a Si PKA, there were 0.4% vacancy-interstitial pairs and 0.05% Si-Al antisites remaining in the sample.
The healing time for single-PKA cascades is 3 times greater than the time lapse between two successive PKA events at 0.2 PKA/ps (15 times greater for the 1 PKA/ps simulations). This result is consistent with the overlapping cascades shown in Fig. 2 . In terms of recovery during the annealing stage, for the 0.2 PKA/ps simulations the recovery during annealing is similar to that which occurs after each PKA. In this case, the total dose is the factor that dominates the radiation response of the sample. For the faster rate of 1 PKA/ps, the effect of multiple atom knocks within the time of single-PKA healing (15 ps) manifests itself in a built-up concentration of defects that requires $25ps to heal -refer to red curves in Fig. 2 , in which we used twice this much time for annealing in order to make sure that the residual defect numbers were stationary. In the faster rate simulations (1 PKA/ps), the rate and the total dosage remain strongly coupled, to the point that we cannot assign either of them to be the predominant factor that determines the radiation response of b-eucryptite. 
B. Structural characterization
To investigate the structural damage in b-eucryptite, we characterized the final configurations obtained by subjecting this material to two different radiation rates (0.2 and 1 PKA/ps) followed by annealing at 900 K and ambient pressure. Fig. 5(a) ]. In addition, the intensity of the higher order peaks decrease drastically [ Fig. 5 ]. Such a decay for the higher order peaks has been previously observed during amorphization of b-eucryptite, 55 SiC, 67 or a-quartz, 68 and is consistent with the progressive disordering of the Li atoms shown in Figs. 2(a) , 2(e), and 2(i). For the Li-Li pairs, the smallest probable spacing in the radiated structure at 1 PKA/ps was found to be $2:9Å [ Fig. 5(b) ] which is closer to the experimental value of Li-Li bond length (3.04 Å ) in Li metal 69 than to the Li-Li spacing in b-eucryptite (3.8 Å ). This shows that under higher radiation dosage (1 PKA/ps), the disordering of the Li atoms can occur with the formation of Li clusters.
The crystal structure of b-eucryptite, as mentioned, is composed of interconnected helices of SiO 4 and AlO 4 tetrahedra with Li atoms in the open spaces between these tetrahedra. 2, 12 Based on this crystal structure, the negligible change in the g(r) curves for Si-O and Al-O pairs [Figs. 4(a) and 4(b)] indicate that the basic network of Al and Si tetrahedra of b-eucryptite is largely preserved upon radiation exposure, even at 1 PKA/ps. Figure 6 shows the comparison between the structure subjected to radiation cascades at 1 PKA/ps and the undamaged configuration. The building blocks of the structure, i.e., polyhedra centered at Al and Si atoms are shown in Figs. 6(a) and 6(b). In b-eucryptite, Al and Si are surrounded by four oxygen atoms, resulting in the formation of a network of AlO 4 and SiO 4 tetrahedra, as illustrated in Fig. 6(a) ; every corner of each AlO 4 tetrahedron is shared with an SiO 4 tetrahedron and vice-versa. Upon exposure at 1 PKA/ps, the O-coordination around some of Al and Si atoms deviate from ideal value of 4, resulting in the formation of nearly planar structures centered around 3-fold coordinated Si or Al, or in the formation of 5-corner polyhedra [ Fig. 6(b) ]. Furthermore, the Al and Si tetrahedra tilt relative to each other.
In order to provide a quantitative assessment of the distortion (understood here as the change in the O-coordination number of the Si and Al) of the SiO 4 and AlO 4 tetrahedra, we determined the number of Al-and Si-centered polyhedra of different O-coordination at the end of the exposure period, as well as after the relaxation period [ Fig. 7 ]. In the computational cell, prior to the cascade events, all the Si (4608) and Al (4608) atoms exist in the form of SiO 4 and AlO 4 tetrahedra. As seen in Fig. 7 , some of these distort into Al-and Si-centered polyhedra that have oxygen coordination of 3 or 5. The Si tetrahedra distorted upon radiation exposure undergo significant healing. At the end of the 1 PKA/ps radiation dose, t ¼ 50 ps, the O-coordination around 7.9% of Si atoms were observed to deviate from the ideal value of 4. During annealing at 900 K, they recover appreciably, and in the final structure only 2.2% of Si tetrahedra remain distorted. On the other hand, the Al tetrahedra that were distorted during exposure do not heal after annealing. Clearly, the SiO 4 tetrahedra distort much less than AlO 4 , which is consistent with previous experiments on pressure-induced amorphization in b-eucryptite. 19 The SiO 3 polyhedra were found to heal the most. At the end of the 1 PKA/ps radiation dose, 6.25% of Si atoms were observed to have a 3-fold oxygen coordination. During annealing, about two thirds of these SiO 3 polyhedra recover forming SiO 4 .
Another way to characterize the distortion of the Al and Si tetrahedra and their relative arrangement in the structure is the distribution function of angles between different atoms. In Fig. 8 , we show the angle distribution functions, gðhÞ for the angles defined in Fig. 8(a) . In undamaged eucryptite, the oxygen atoms are arranged tetrahedrally around Al and Si. these peaks are smaller in intensity and broaden significantly, which is consistent with the distortion of the ideal tetrahedra into under-and over-coordinated AlO x and SiO x polyhedra. A similar broadening of the angular distribution peaks has been shown to occur due to changes in the O-coordination during amorphization of silica. 70, 71 As expected, the gðhÞ peaks broaden more for the radiated structure at 1 PKA/ps as compared to 0.2 PKA/ps. Furthermore, regardless of the radiation dosage, the extent of broadening of the O-Al-O peak is higher than that for the O-Si-O peak [Figs. 8(b) and  8(c) ]. This illustrates that the AlO 4 tetrahedra distort more than SiO 4 tetrahedra, which is consistent with the results in Fig. 7 .
Apart from the tetrahedral angles, the major peak for the bridge angle Al-O-Si [ Fig. 8(d) ] also exhibits significant broadening upon exposure. This shows that the Al and Si tetrahedra tilt relative to each other. Consistent with these findings, direct observation of the radiated structures also suggested tilting of adjacent corner-sharing tetrahedra [see . In other words, the tetrahedral arrangement of O around Al and Si atoms is still largely preserved after relaxation. Next, we will discuss the atomic scale mechanism by which b-eucryptite heals after radiation exposure.
IV. DISCUSSION
The structural changes present in the b-eucryptite structures after radiation and annealing consists in (a) disordering of the Li atoms accompanied by some clustering, (b) distortion of the Si and Al tetrahedra (change in their O-coordination number), and (c) tilting of the Si and Al tetrahedra with respect to one another. In Fig. 7(b) , we have shown that the main distortions that exhibit significant recovery upon annealing are the SiO 3 structures. A significant number of AlO 4 distort to AlO 3 and AlO 5 , but, unlike in the case of Si polyhedra, neither of these recover upon annealing [ Fig. 7(a) ]. Next, we discuss the atomic-scale mechanism responsible for the restoration of tetrahedral arrangement of oxygen atoms around silicon belonging to SiO 3 polyhedra in radiated b-eucryptite.
Our analysis of the radiated structures shows that at the end of 1 PKA/ps dose (i.e., t ¼ 50 ps), 6.25% of Si atoms have a three-fold oxygen coordination. Of these SiO 3 polyhedra, 60% were surrounded only by Si-or Al-centered tetrahedra, while 35% shared at least one corner with an AlO 5 polyhedra. Next, we focus on the corner-sharing SiO 3 and AlO 5 polyhedra in radiated b-eucryptite, and show the atomic-scale mechanism responsible for the restoration of tetrahedral arrangement of oxygen atoms around the Si atoms belonging to these SiO 3 polyhedra [refer to Fig. 9 ]. For clarity, only the atoms involved in the recovery process are shown in Figs. 9(a)-9(f) . At the beginning of the annealing period, i.e., at t ¼ 50 ps, the structure contains cornersharing AlO 5 ; SiO 4 , and SiO 3 polyhedra as shown in Fig. 9(a) . In this structure, an oxygen atom (O) belonging to the AlO 5 polyhedron but not shared as a corner was found to be bonded to a Li atom. The three-fold coordinated silicon atom has been labelled Si(3f) [ Fig. 9(a) ]. The three-fold coordination of oxygen around Si(3f) manifests itself in the observed average bond angle around Si(3f), 118:83 , which is close to the expected value of 120
. During annealing, the two Si-centered and the Al-centered polyhedra tilt relative to each other and the Li-O complex oscillates: these processes create a wide range of motion for the O atom in the space between the two Si atoms 2 Furthermore, the bond angle around Si(3f) in the final configuration was observed to be 110 , providing further evidence for the formation of SiO 4 tetrahedron.
Of the SiO 3 polyhedra that share a corner with AlO 5 , 64% recovered via this mechanism [ Fig. 9 ] upon thermal annealing from t ¼ 50 ps to t ¼ 93 ps; annealing over an additional 100 ps improves the healing to 80%. We note that the process of healing is mediated by AlO 5 polyhedra, which remain intact after the formation of polyhedra are always more numerous than the SiO 3 polyhedra, and they never heal appreciably [refer to Fig. 7] ; overall, these polyhedra stabilize a structure in which Si-centered tetrahedra share either corners-only (as in pristine b-eucryptite), or a combination of corners and edges with AlO 4 and AlO 5 polyhedra. We also note that all the SiO 3 had Li atoms in their vicinity; however, the role of these Li atoms in the recovery process is limited to possibly assisting the oscillation of the Li-O complex [ Figs. 9(b) and 9(c) ].
On the other hand, the SiO 3 polyhedra that share their corners with SiO 4 or AlO 4 alone restore their tetrahedral coordination with oxygen via a different mechanism, one in which the Li atoms play a key role. At the end of the radiation dosage, a significant number of Li-O bonds are formed, as shown in Fig. 5 . These mobile Li-O pairs were observed to transport oxygen to the SiO 3 polyhedra (those surrounded only by SiO 4 or AlO 4 ) leading to the recovery of tetrahedral O-coordination around them. During thermal annealing, among the SiO 3 polyhedra surrounded by SiO 4 or AlO 4 , 64% recovered via this mechanism until t ¼ 93 ps and 81% by t ¼ 200 ps. However, the additional oxygen around the newly formed SiO 4 was not bonded with any other SiO x or AlO x polyhedra. In essence, although this mechanism restores the tetrahedral O-coordination around SiO 3 polyhedra, it does not contribute to healing of the network of SiO 4 and AlO 4 polyhedra constituting the backbone of the structure of b-eucryptite.
Recently, using X-ray diffraction, Zhang et al. discovered that under hydrostatic pressures below $17 GPa, pressure-induced amorphization in b-eucryptite is reversible as long as remnant crystalline regions (even in trace amounts) are present. 19 This structural memory has so far been attributed to the difference in the rigidity of SiO 4 and AlO 4 tetrahedra: under applied pressure, the rigid SiO 4 tetrahedra remain largely intact while the weak AlO 4 distort significantly. When pressure is released, the network of strong SiO 4 tetrahedra would act as a template around which the Al and O atoms would relax back to their original positions, thereby, leading the amorphous phase to revert to the initial crystal. 19 In contrast, we observed that in the radiated b-eucryptite the distorted SiO 4 revert to the original tetrahedral arrangement during the subsequent annealing using the AlO 5 polyhedra formed during irradiation: as described above and in Fig. 9 , although the AlO 5 never recover, they are the key factor in the recovery of SiO 4 from SiO 3 .
To explore the possibility of amorphization of b-eucryptite under exposure, we simulated the collision cascades at 1 PKA/ps for 100 ps (i.e., corresponding to a dosage of 0.43 dpa) followed by annealing at 900 K and ambient pressure. We found that the temporal evolution of defects followed trends similar to those in Fig. 2 . As expected, the residual number of defects were found to be much higher (more than twice) in comparison with the corresponding ones for 0.21 dpa, e.g., in one MD simulation at 0.43 dpa, 32% of the Si atoms were involved in vacancy-interstitial pairs in the final structure as compared to 12%-16% observed for the radiated structure at 0.21 dpa. It is also worthwhile to note that for the structure radiated at 0.43 dpa, the Si-, Al-and O-defects all undergo significant annihilation during the annealing (e.g., in a typical simulation the concentration of Si vacancies at the end of the cascade events was 52% which recover down to 32% upon annealing at 900 K), while the Li atoms continue to disorder.
More importantly, we found that even after annealing the structure radiated at 0.43 dpa, a significant number of Si atoms ($15%) occupy lattice sites that belonged to Al in pristine b-eucryptite. In comparison, as pointed out in Sec. III B, only 4%-8% Si-antisites remained in the structure radiated at 0.21 dpa after annealing. The higher number of antisites at 0.43 dpa indicates that the basic network of Al and Si tetrahedra is severely perturbed. Indeed, characterization of the structure at 0.43 dpa showed that the long-range order of the crystal planes is lost, and amorphous regions are formed in the computational supercell. In terms of the O-coordination around the Al and Si atoms, we find that 4.9% of SiO 4 and 28.5% of AlO 4 tetrahedra remain distorted even after annealing the structures exposed at 0.43 dpa. These values are larger than the corresponding ones for 0.21 dpa, i.e., 2.7% and 14.5% for SiO 4 and AlO 4 , respectively. Furthermore, at 0.43 dpa, the tetrahedra tilt more than they did at 0.21 dpa. In essence, as the radiation dose increases (a) higher number of Al and Si antisites are formed, and (b) the Al and Si tetrahedra continue to distort and tilt further, eventually leading to the loss of crystallinity.
Thus, at low dosage, b-eucryptite preserves its crystallinity because most Al and Si polyhedra still form the same network as Al and Si tetrahedra do in b-eucryptite and also because of the restoration mechanism described above [ Fig. 9 ]. However, beyond a certain dose (0.43 dpa), the mechanism that is responsible for restoring silicon tetrahedra (Fig. 9) is no longer effective because there are too many Si-Al antisites that significantly perturb the crystalline order of eucryptite.
V. CONCLUSIONS
The response of b-eucryptite to radiation was investigated using atomistic simulation of displacement cascades produced by randomly selected PKAs with kinetic energies of 15 keV. From our simulations, we have found that b-eucryptite exposed to low dose of radiation (0.043 dpa) exhibits pronounced recovery upon annealing at 900 K. Most of the defects in this structure remaining at the end of annealing occur due to the spatial disordering of Li atoms, while the other defect species annihilate almost completely. At 0.21 dpa, significant short-range damage in the form of point defects was observed even after annealing. However, the exposed structures recover such that the long-range order of the original crystal and the tetrahedral arrangement of O around Al-and Si-atoms are preserved to a large extent. Our analysis of the defects and characterization of the radiated structures indicates that, up to 0.21 dpa, the residual effects are: (a) tilting of Al/Si tetrahedra relative to each other, (b) distortion of Al/Si tetrahedra caused by deviation in the O-coordination around Al/Si from the tetrahedral arrangement in the ideal crystal, and (c) spatial disordering along with clustering of Li atoms. The Al-tetrahedra were found to distort more than the Si tetrahedra.
Furthermore, we have found that upon annealing the SiO 3 polyhdera undergo maximum recovery among the distortions. The analysis of MD trajectories revealed that the recovery of the SiO 3 is mediated by the distortions in Al tetrahedra (i.e., AlO 5 ) which do not heal and are always more numerous SiO 3 polyhedra. Although these AlO 5 polyhedra do not heal, they are essential for recovery of tetrahedral arrangement around Si atoms belonging to SiO 3 . We have illustrated that this mechanism is viable only when the number of Si-antisites are low, so as to preserve the alternate arrangement of Al and Si polyhedra. At high dose of radiation (0.43 dpa), an appreciable number of remnant Si-antisites ($15 at: %) were observed at the end of relaxation. The presence of such a concentration of antisites was enough to seriously deter the recovery mechanism of SiO 3 assisted by AlO 5 polyhedra. This leads to loss of crystalline order at 0.43 dpa, with the formation of large amorphous regions.
